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ABSTRACT
Kepler-1647b is the most recently discovered planet that transits two stars, i.e., a circumbinary planet
(CBP). Due to its large orbital separation, Kepler-1647b stands out from the rest of the Kepler CBPs,
which mostly reside on much tighter orbits near the stability limit. The large separation of Kepler-
1647b challenges inward disk migration as a dominant formation pathway, suggested by the other
Kepler CBPs. In this paper, we consider the possibility of an undetected planet near the stability limit
by examining observational consequences of such a planet. We calculate the transit probability of the
putative planet, transit timing variations (TTVs) of the known planet, and eclipsing timing variations
(ETVs) of the host binary caused by the putative planet. We find the presence of a &30M⊕ inner
planet to be highly unlikely near the stability limit. In addition, we provide future TTV observation
windows, which will further constrain possible undetected planets with lower masses.
Keywords: binaries: eclipsing, celestial mechanics, planets and satellites: dynamical evolution and
stability, stars: individual: Kepler-1647
1. INTRODUCTION
The discovery and characterization of circumbinary planets (CBPs) have greatly contributed to our understanding of
planet formation in short period stellar binary systems. Our knowledge of CBPs is mainly derived from the photometric
observations from the Kepler Mission which have provided unambiguous detections of CBPs and is in contrast to prior
observations of post common envelope binary systems (e.g., Beuermann et al. 2010). So far, eleven Kepler transiting
CBPs have been discovered, including Kepler-16b (Doyle et al. 2011); Kepler-34b and 35b (Welsh et al. 2012); Kepler-
38b (Orosz et al. 2012); Kepler-47b, 47c, (Orosz et al. 2012) and 47d (Orosz et al. 2019); PH1b/Kepler-64b (Kostov
et al. 2013; Schwamb et al. 2013); Kepler-413b (Kostov et al. 2014); Kepler-453b (Welsh et al. 2015); and Kepler-1647b
(Kostov et al. 2016). The most recently discovered CBP, Kepler 1647b, is a Jupiter-sized planet orbiting its 11-day
host eclipsing binary every ∼1108 days in the habitable zone (Kostov et al. 2016).
There are several interesting architectural properties for the Kepler CBPs. First of all, there is a prevalence of small
mutual inclinations between planetary orbits and host binary orbits, which is not due to selection effects, and this
suggests that the occurrence rate of circumbinary systems is similar to that of single-star systems (Armstrong et al.
2014; Martin & Triaud 2014; Li et al. 2016). The results of BEBOP radial velocity survey tend to agree with such
coplanarity, suggesting there isn’t a large population of massive misaligned CBPs (Martin et al. 2019). Moreover,
Kepler CBPs preferentially orbit around binaries with relatively long stellar orbital periods (& 7 days). Several
mechanisms have been proposed to explain this, such as Lidov-Kozai oscillations, which either drive planets in such
systems out of transit configurations or remove the planets via instability (Mun˜oz & Lai 2015; Martin et al. 2015;
Hamers et al. 2016); as well as stellar tidal effects, which cause the expansion of stellar orbits and lead to the ejection of
closer-in planets (Fleming et al. 2018); UV photoevaporation and evection resonance were also brought up to explain
such phenomenon (Sanz-Forcada et al. 2014; Xu & Lai 2016). Lastly, most innermost Kepler CBPs reside close to
the respective stability limits, except for Kepler-1647b. In-situ formation of giant planets at such close distances is a
problem due to difficulties in planetesimal growth, which suggests that inward migration takes place in the formation
pathway (Paardekooper et al. 2012; Kley & Haghighipour 2014; Bromley & Kenyon 2015; Silsbee & Rafikov 2015).
There is likely a dominance of migration if the observed proximity of planets near the stability boundary is not due
to selection effects, since planetary migration is an important process in the formation of CBPs near the stability limit.
Li et al. (2016) studied the semi-major axis distribution of the innermost Kepler CBPs and found that the strength of
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evidence for a pile-up largely depends on whether Kepler-1647b is representative of the current population or belongs
to another population of CBPs. Therefore, given a currently limited sample of transiting CBPs, it is important to
know whether Kepler-1647b is really as special as it seems, or is instead just a temporary incomplete picture of the
known CBP population.
Quarles et al. (2018) considered another equal-mass planet closer to stability limit on a coplanar orbit for all Kepler
CBP systems, and found nearly half of them could host the additional planet. In this work, we specifically consider
the possibility that there is a yet undetected inner planet near the stability limit in the Kepler-1647 binary system.
Differences with the previous study are to identify the effects of an additional planet on the observations (transit,
TTV, ETV) and allow for non-coplanar orbits of the inner planet. The hypothetical planet needs to satisfy several
conditions simultaneously, including: residing in a stable region, not transiting the host binary during Kepler mission
lifetime, and having a small gravitational perturbation on other bodies in the system.
This article is organized as follows. In section 2, we study orbital stability in the Kepler-1647 system, which is a
basic requirement for a possible inner planet. In section 3, we investigate the transit probability of the inner planet.
In section 4, we explore the transit timing variations (TTVs) of the outer planet and eclipse timing variations (ETVs)
induced by gravitational perturbations of the inner planet. And in section 5, we combine the transit probability, TTV
and ETV to better constrain the possible inner planet.
2. STABILITY LIMIT
For an inner planet to exist, the minimum requirement is that such a body is on a stable orbit. Dynamical stability
in circumbinary systems has been previously studied extensively (Dvorak et al. 1989; Holman & Wiegert 1999; Pilat-
Lohinger et al. 2003; Musielak et al. 2005; Doolin & Blundell 2011; Kratter & Shannon 2014; Quarles et al. 2018). In
particular, Holman & Wiegert (1999) numerically derived the stability limit of planets, assuming them to behave like
test particles initially on circular, coplanar orbits, as a function of the host binary mass ratio and binary eccentricity.
Doolin & Blundell (2011) identified how the potential stability changes when the planetary mutual inclination varies
from 0◦ to 180◦.
To give an intuitive picture of the Kepler-1647 system, the 11-day period central binary consists of stars with 1.22
and 0.97 M on slightly eccentric orbits (e = 0.16). The 1.5 MJ planet resides on an 1108-day orbit with e = 0.06.
The binary and planetary orbital planes are closely aligned (i ≈ 3◦).
First, we numerically investigate the dynamical stability in the Kepler-1647 system because previous investigations
(Holman & Wiegert 1999; Quarles et al. 2018) largely used general initial states of the binary system and considered
only initially coplanar orbits, where here we calculate the stability limit following the derived parameters in Kostov
et al. (2016) and allow the planetary orbit to be inclined. We performed a large group of N-body simulations using a
modified version of MERCURY6 that includes a module designed for circumbinary systems (Chambers et al. 2002).
In these simulations, we fix the initial parameters of the binary and the outer planet according to the best-fit result
from observations (see Table 5 in Kostov et al. 2016). We add to the system an additional Earth-mass inner planet
that begins on a circular orbit, where we varied its semi-major axis (from 1.2abin to 4abin with 0.05abin steps) and
mutual inclination to the binary orbital plane (from 0◦ to 180◦ with 3◦ steps). The initial longitude of ascending node
and mean anomaly are chosen randomly from a uniform distribution (0◦ − 360◦). Each choice of initial semi-major
axis and mutual inclination included 40 simulations. The inner planet is deemed stable if it did not undergo a collision
with other three bodies in the system (inner binary or outer planet) nor did the radial distance to the test planet
exceed 10 AU within the 105 years of simulation time. Note that we include the outer planet Kepler 1647b in our
simulations for completeness, but Kepler 1647b does not affect the stability limit, because it is very far away from
the stellar binary (∼ 21.3abin). In addition, we note that starting the inner planet at its forced eccentricity does not
reduce the stability limit. This is because the secular forced eccentricity cannot be generalized near the stability limit,
where the non-secular effects (e.g., mean motion resonances) dominate, and thus, the maximum eccentricity that can
be reached by the inner planet even starting at the forced eccentricity is similar to that starting with a circular orbit.
Figure 1 shows the result of the simulations, where the color code denotes the fraction of surviving initial conditions
for each trial of planetary semi-major axis and mutual inclination. Red cells denote when all forty trials of the simulated
inner planets survived, while the purple cells designate wholly unstable initial conditions. We can see that retrograde
orbits (δi > 90◦) are generally more stable than prograde orbits (δi ≤ 90◦), consistent with previous studies (Doolin &
Blundell 2011; Li et al. 2016), though planets on such orbits are presumed rare. In the low mutual inclination region
(δi . 20◦), there is a stability island at 2.85 to 2.90 abin. We ran additional simulations for coplanar cases with 0.01
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Figure 1. Probability that a yet undetected inner planet in the Kepler-1647 binary system can survive ejection (beyond 10 AU)
or collision with the inner binary, as a function of the initial planetary semi-major axis and mutual inclination using numerical
simulations for 105 years. Retrograde orbits are generally more stable than prograde orbits.
abin intervals to find a more accurate semi-major axis value for the stability island. For each semi-major axis value, we
ran 90 simulations varying the initial mean anomaly from 0◦ to 356◦ with 4◦ steps. The results show that the stability
island extends from 2.88 to 2.90 abin for the low inclination near coplanar configurations. When the inclination is
higher, there are vertical features with decreased survivability fractions at ∼3.3 abin. These features correspond to the
6:1 and 7:1 mean motion resonances with the binary (e.g., Doolin & Blundell 2011; Quarles & Lissauer 2016).
In this paper, we define the stability limit by a critical semi-major axis, which is the shortest semi-major axis where
the test particles at any chosen longitude survive the full integration time. Therefore, the critical semi-major axis
(acrit) is 2.88 abin for a near coplanar inner planet, which is consistent with the results based on the chaos indicator
“Mean Exponential Growth factor of Nearby Orbits” (MEGNO) discussed in Kostov et al. (2016).
3. TRANSIT PROBABILITY OF THE INNER PLANET NEAR THE STABILITY LIMIT
Kostov et al. (2016) performed a thorough visual inspection of the light curve of the Kepler-1647 system, and they
didn’t find any additional transits. Therefore, the existence of an inner planet can be ruled out if it could have transited
during the Kepler mission lifetime. We consider the Kepler mission lifetime as a continuous 4-year period and use
the transit probability to study this constraint. Previous studies have explored the transit probability of CBPs both
analytically and numerically (Martin & Triaud 2014, 2015; Li et al. 2016; Martin 2017). For simplicity, we calculate
4 Hong et al.
Ntran/Ntot
0
0.2
0.4
0.6
0.8
1.0
Ntran/Ntot
0
0.2
0.4
0.6
0.8
1.0
Figure 2. Transit probability for an inner planet in the Kepler-1647 system during the 4-year Kepler mission lifetime considering
a range of semi-major axis and mutual inclination values. The inner planet would not transit at all if the mutual inclination is
lower than a critical inclination (δi(a) . 2◦). The panel on the right shows a zoomed-in view considering the range of values
(a < 2acrit and δi . 4◦) common among the known transiting CBPs.
the transit probability using N-body simulations. We used the Rebound N-body integrator, along with the Reboundx
modules (Rein & Spiegel 2015), to study the transit probability. In Reboundx there are modules to include general
relativistic precession and tidal apsidal precession which we use in all of our simulations. The initial parameters of
the binary and the outer planet are prescribed using the observationally derived values where the zero time is BJD
2455000 following Kostov et al. (2016). Within this convention the start time is -40 days and the simulation ends at
1400 days. In addition to the binary stars and the outer Jovian planet, we place an Earth-mass planet on a circular
orbit in the stable region between the binary and outer planet (see Section 2), varied its semi-major axis and mutual
inclination relative to the binary plane, and chose the initial longitude of ascending node and mean anomaly from a
uniform distribution (0◦ − 360◦).
Figure 2 shows the that a close-in planet (a ∼ 3abin), would have transited within the Kepler mission lifetime as long
as the mutual inclination is greater than ∼0.5◦. Simulations in the left panel cover a range of semi-major axis values
within the stable region and mutual inclinations up to 10◦, where each cell includes 50 simulations. The panel on the
right shows a zoomed in view with a smaller range of semi-major axis (1− 2acrit) and mutual inclination (δi ≤ 5◦) for
the inner planet, where each cell includes 200 simulations. acrit is obtained using our simulational results in section 2.
This smaller range of parameters is informed by the parameters of the other known Kepler CBPs, which should have
a higher chance than other regions in the left panel. However, this is contingent upon whether the other known CBPs
are representative of the broader population.
We find a critical mutual inclination between ∼ 0.5◦ and ∼ 1.5◦, depending on the value of the semi-major axis,
where the transit probability changes steeply between zero and a relatively high value. The zero probability region
under this critical mutual inclination results from a roughly two degree angle between the binary orbital plane and
our line of sight. Above the critical inclination, the transit probability is close to unity when the planet is near acrit
due to a high orbital precession rate (∼53◦/yr at acrit), suggesting that transits are nearly inevitable in this region.
The transit probability decreases as semi-major axis increases, signifying that planets with a larger semi-major axis
have a higher chance of being missed in a photometric survey like the Kepler mission. As a result, an inner planet has
higher chance to reside at a low mutual inclination (δi . 1.5◦), or at a higher inclination (& 3◦), but with a larger
semi-major axis.
In our model we did not consider the transit detection limit, so the result can only be applied to planets with
detectable mass/radius. We did a rough estimation on the mass/radius limits for detecting a planet in Kepler-1647
based on signal/noise level. A planet with a radius less than 3 Earth radii would have been undetectable in the Kepler
data. Using the M–R relation in Chen & Kipping (2017), we place a lower limit on the mass of ∼ 10 Earth masses.
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Figure 3. Transit timing variations (TTVs) on the second observed transit as a function of the planetary initial mean anomaly
induced by an inner planet mass ranging from a Mars to Jupiter analog. The black dashed lines represent 24 min observational
uncertainty. Unsurprisingly, more massive planets lead to larger TTVs while a Mars-mass inner planet’s TTVs (m = 0.1 M⊕)
are below 1 min and a 30 M⊕ planet’s TTVs are generally above the 24 min observational uncertainty.
Note that this is only a crude estimate and detailed analysis on the limiting mass involves injection/retrieval methods,
which is beyond the scope of our work.
4. TTVS AND ETVS FROM AN INNER PLANET
The presence of an inner planet can affect the motion of the stellar binary and the known outer planet leading to
discrepancies in the mid-eclipse (ETV) or mid-transit (TTV) times, respectively. We find mid-transit and mid-eclipse
times through photodynamical simulations using photodynam (Carter et al. 2011; Pa´l 2012) . In these simulations, we
begin the inner planet near the stability limit while varying its mass to estimate the TTVs and the ETVs.
Three transits of Kepler-1647b were detected during the 4-year Kepler mission. The observed mid-transit times are
-3.0018, 1104.9510, 1109.2612 (in days, relative to 2455000[BJD]), transiting star B, star A, and star B, respectively.
Kostov et al. (2016) reported 1σ uncertainties of those measurements to be around five minutes. Using the initial
conditions given in Kostov et al. (2016) as initial parameters, we calculated the numerical mid-transit times of the
observed three transits to be -3.0035, 1104.9512, and 1109.2645, which are within 1σ uncertainties of the observed
values. Thus, we used our values from the simulations as a baseline for calculating the transit timing variations (TTVs)
for the cases with an inner planet close to the stability limit.
In these simulations, we used the same initial parameters for the binary and the outer planet, while placing an inner
planet on an initially circular coplanar orbit as before. We varied the mass, semi-major axis, and initial mean anomaly
of the inner planet. From our first test simulations, we found that the dependence of TTVs on the semi-major axis
are much weaker than that on the planetary mass and initial mean anomaly, especially near acrit. Therefore in our
more detailed simulations, we placed the inner planet at acrit, and varied its mass from 0.1–316M⊕ (∼Mars – Jupiter
mass) geometrically, with 100.5 common ratio, and the initial mean anomaly of the inner planet from 0− 360◦.
Figure 3 shows the calculated TTV on a logarithmic scale (in minutes) induced on the transit of the outer planet
across star A (∼1104.9512 days). The TTVs increase approximately linearly with the inner planetary mass. For a
given mass, the most extreme values of TTV appear when the initial mean anomaly is near 90◦ and 270◦. If we assume
the orbits of known bodies are measured precise enough, we can conservatively rule out those masses producing a TTV
& 24 min (black dashed lines), which is the uncertainty of orbital period of Kepler-1647 b. This places an upper
limit on the planetary mass to roughly 30 M⊕. Moreover, A Saturn-mass planet can produce a TTV & 2 h, while a
Mars-mass planet produces a TTV under 1 min through one orbit.
Since there is only one full orbit of Kepler-1647b observed, the “TTV” can be due to wrong estimate of Kepler-1647b
orbital parameters, which did not consider the effects of an inner planet. To better understand whether there could
be an inner planet based on the TTV measurements, we provide photodynamical TTV results after ten orbits (∼30
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Figure 4. Eclipse timing variations (ETVs) of Kepler-1647 host binary induced by an inner planet with 100 M⊕, as a function
of time since BJD 2455000. The blue and the orange dots represent ETVs for primary and secondary eclipse respectively. In
this case, the inner planet begins with mean anomaly M = 135◦.
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Figure 5. Left panel: standard deviations of ETVs as a function of planetary mass. Right panel: standard deviations of
ETVs as a function of inner planet inclination relative to the stellar binary, where the planet mass is set to be 30 M⊕. In
both panels, shaded areas indicate the possible range of the standard deviation, which come from different choices of initial
mean anomaly, and dashed lines represent 1σ observational uncertainties. The lower limits reflect the degree of scattering. An
inner planet minimally requires a mass beyond ∼ 150M⊕ to make the standard deviations of both the primary and secondary
eclipses surpass the observational uncertainties regardless of initial mean anomaly. In addition, the standard deviation of the
ETV increases when the mutual inclination is around 40− 140◦.
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years) from the first observed transit for future reference. We used the same initial parameters for the binary and the
outer planet, and placed an inner planet on an initially circular coplanar orbit at aaver = 1.35126 acrit (which is the
average semi-major axis, in units of abin, of the other eight innermost Kepler CBPs), choosing an initial mean anomaly
at 270◦. The planetary masses were varied from 0.1–31.6M⊕ geometrically with 100.5 common ratio. Table 1 shows
the numerical results of our simulations, where the upper table and the lower tables are for transits across star A and
star B, respectively. The first and eighth rows are the mid-transit times (in days) without an inner planet, relative to
BJD 2455000. In some orbits there are multiple transits across a star separated by a few days, and we only include
the first one in each orbit. The remaining rows are the calculated TTVs (in minutes) on the outer planet induced
by an inner planet. Notice that the units in the first row and the remaining rows are different. The dashes (−) in
the table denote those transits do not happen due to inner planet’s influence. Underlined values in the table are the
transits that overlap with eclipses, namely syzygies. The next pair of transits of the outer planet across star A and
star B are expected to happen around 2021-Jul-30 and 2021-Jul-26 respectively (bold column). Observations at that
time would greatly enhance our knowledge of the system because a 3–30 Earth-mass inner planet can produce a TTV
on the order of hours. In particular, the next three pairs will happen in 2021, 2024 and 2027, and CHEOPS (Broeg
et al. 2013) may be able to detect the TTVs since it is scheduled to launch at the end of this year (2019). TESS after
the primary mission (e.g., Kostov et al. 2016) and PLATO 2.0 (Rauer et al. 2014) may also detect the future transits
of Kepler 1647b.
We also investigated eclipse timing variations (ETVs) due to the inner planet. In our simulations, we placed an
inner planet on an initially circular coplanar orbit at acrit, while varying its mass and initial mean anomaly. Figure 4
shows one of the cases. In this simulation, the 100 M⊕ inner planet begins with mean anomaly M = 135◦, running
for 1000 binary periods (∼30 years). We found that the scattering of ETVs increases as the mass increases, while
the long-term trends are affected by the initial mean anomaly. In particular, for some starting mean anomalies, the
long-term trend has no variablity and the magnitudes of ETVs are only due to the internal scattering.
To find out the exact relation between ETV and planetary mass, we varied the planet mass from 0.1 – 316M⊕ and
began the inner planet at M = 0◦, 45◦, ..., 315◦. We use standard deviation to quantify the magnitude of ETV. The left
panel of Figure 5 shows the ranges of standard deviations of ETVs, where the dashed lines represent 1σ observational
uncertainties. The lower limits of the standard deviations reflect the magnitudes of scattering. We can see from
the figure that the secondary eclipses have larger standard deviations than the primary eclipses. As planetary mass
increases beyond ∼150M⊕, the standard deviations of primary and secondary eclipses both surpass the observational
uncertainties for independent of the choice in the starting mean anomaly. This suggests that a planetary mass beyond
∼150M⊕ could be considered highly unlikely by ETV. In contrast, from ∼10M⊕ to ∼150M⊕ , the standard deviations
can only sometimes surpass the observational uncertainties due to the long-term trend. However, the scatter in the
ETV is small, so for short-term observation, the standard deviations of ETVs would still be lower than the uncertainty
values. Future measurements of the stellar eclipse times can help reduce the observational uncertainties and further
constrain the planetary mass.
So far, we considered ETVs due to a near coplanar inner planet. To illustrate that our results are robust, we allow
the planet to be inclined from the plane of the stellar binary. We set the planetary mass to be 30M⊕ for illustration,
and we set the planetary semi-major axis to be 3.1abin, since the stability island in the near coplanar region does
not extend to the high inclination configurations. The results are shown in the right panel of Figure 5. Shaded areas
indicate the possible range of the standard deviation, obtained based on 8 different choices of initial mean anomalies
(0, 45, ..., 315 deg), and dashed lines represent 1σ observational uncertainties. The ascending node is drawn from a
uniform distribution.
The figure shows that the standard deviation of the ETV increases when the inclination relative to the stellar binary
is larger, between ∼40◦ and ∼140◦. In this region, the minimum ETVs exceed the 1σ observational uncertainties,
indicating that Kepler-1647 is unlikely to host an inner planet with a mass higher than 30M in an orbit with large
inclination (40− 140◦). When the inclination increases above ∼ 140◦, the standard deviation decreases and converges
to a similar ETV magnitude as the near coplanar case. Note that EDVs (eclipse duration variations) unfortunately
do not provide extra useful information, due to the large observational uncertainties in the ingress and egress of the
eclipses.
5. COMBINING TTVS AND ETVS WITH THE TRANSIT PROBABILITY
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Table 1. Transit times and TTVs of Kepler-1647b for ten orbits after the first observed transit.
No inner [day] 0.37 1104.96 2209.55 3314.55 4425.74 5530.30 6635.01 7746.50 8851.08 9955.68 11060.72
0.1M⊕[min] 0 0 1 3 2 2 4 3 4 5 10
0.3M⊕[min] 0 1 3 9 6 8 12 11 12 15 31
1.0M⊕[min] 0 5 10 28 19 24 37 36 37 47 99
3.1M⊕[min] 0 15 33 88 60 76 119 112 118 151 333
10.0M⊕[min] 0 47 105 293 189 242 388 350 373 488 1482
31.6M⊕[min] 0 148 336 1136 593 783 1415 1074 1203 1727 −
No inner [day] −3.00 1109.27 2213.73 3317.95 4422.21 5534.62 6638.90 7743.11 8847.56 9959.84 11064.06
0.1M⊕[min] 0 1 1 1 2 2 2 2 5 3 3
0.3M⊕[min] 0 2 2 3 5 7 6 8 15 10 10
1.0M⊕[min] 0 6 7 10 16 21 20 24 49 32 33
3.1M⊕[min] 0 18 23 31 52 65 63 78 159 101 105
10.0M⊕[min] 0 55 72 99 167 202 199 250 − 314 333
31.6M⊕[min] 0 171 224 315 567 612 626 847 − 963 1109
Note—The upper table and the lower table are for transits across star A and star B respectively. The fist row of each table is
the mid-transit times (in days) without an inner planet, relative to BJD 2455000. The remaining rows are the calculated TTVs
(in minutes) induced by an inner planet with different mass. Bold column is the next pair of transits in July 2021. Underlined
elements are syzygies. The dashes (−) denote when the transits do not happen due to inner planet’s influence.
In Section 3 and Section 4, we explored the transit probability and possibility of TTVs and ETVs independently.
However, they can be considered simultaneously to make a comprehensive constraint, as we will elaborate in this
section. We define the combined probability for an undetected planet to include the probability that an inner planet
didn’t transit during Kepler four–year mission (if its size lies above the transit detection limit), meanwhile only causing
small TTV and ETV on the outer planet and the host binary. In addition, we consider the differences between eclipse
times of the 4-body model (with an inner planet) and that of the 3-body model (without an inner planet) as constraints
due to ETVs. In this way we find a stronger constraint, as we already have observed eclipses times during the Kepler
mission.
For this calculation an inner planet is added to the system and begins on a circular, near-coplanar orbit close to the
stability limit. The mutual inclination relative to the binary orbital plane was drawn from a normal distribution with a
0◦ mean value and 3◦ standard deviation, since CBPs are near co-planar with stellar binary orbits. The inner planet’s
mass was varied from 0.1–316M⊕ (∼Mars – Jupiter mass) geometrically, with 100.1 common ratio. The semi-major
axis was chosen to be acrit, aaver, and 2acrit. TTV requirements were placed on the outer planet’s transit across the
primary star at under 24 min or 5 min. We also require that the accumulated ETV of the 4-body model (with an inner
planet) to be below 0.30 min for primary and 0.42 min for secondary compared with the 3-body model (without an
inner planet) during the four years of the observational window, which are based on the 3σ uncertainties from CPOC
residuals in Kostov et al. (2016). And for a planet with mass larger than 10 M⊕, requirement that the planet did
not transit were also placed. For each chosen planetary mass, we have 500 simulations with the inner planet starting
with a random longitude of ascending node and a random mean anomaly both drawn from a uniform distribution
(0◦ − 360◦). Based on the ETV results alone, we find that if the planet is at 2acrit, all of the 500 runs produce ETVs
above 3σ when the planetary mass is above 100M⊕. This suggests that we can rule out any inner planets with masses
& 100M within twice the instability limit based on the four years of stellar eclipsing data. Similarly, if the planet is
within aaver, we can rule out planets with masses above 30M based on the four years of ETV results alone.
The solid lines and the dashed lines, in Figure 6, represent the TTV requirement for 5 min and 24 min, respectively.
The red vertical line shows the transit detection limit at ∼10M⊕. In the left part, the probability is only constrained
by TTV and ETV because a planet with such size is too small to be captured by transit, as discussed in Section 3 .
On the right part, the probability is constrained by TTV, ETV and transit detection. For the TTV < 5 min curves,
the possibilities are depend mainly on the TTV and the possibilities are constrained by ETV using the TTV < 24 min
curves. We can see from the former that the possibilities of hiding reach small values at several Earth masses for all
An Additional inner planet in Kepler1647? 9
acrit, 5min
aaver, 5min
2 acrit, 5min
acrit, 24min
aaver, 24min
2 acrit, 24min
0.1 0.3 1 3 10 30 100 300
0.
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.
mass (M⊕)
Pr
ob
ab
ilit
y
Figure 6. Probability for an inner planet to escape detection considering a range of planetary masses and semi-major axis
values. Assuming the inner planet would not have been detected if the induced TTV caused to the outer planet is <5 min
(solid lines) or <24 min (dashed lines), the induced accumulated ETV to be lower than 0.30 min for the primary and 0.42 for
the secondary around the end of Kepler mission (3σ uncertainties) and for those having a mass &10M⊕ (right to the red line),
the planet did not transit during Kepler mission lifetime. We can see planets &30M⊕ have a very low probability to escape
detection and can be ruled out.
three semi-major axis values chosen. As for the latter, the possibility of a ∼5M⊕ inner planet is small near acrit and
that of a ∼30M⊕ inner planet is extremely small even at 2acrit.
The existence of an inner planet perturbs the orbit of the outer planet, Kepler-1647b, and it is possible that the
observed orbital parameters, without taking into account the effects of an inner planet, is not accurate. Thus, we
allowed the orbital parameters of Kepler-1647b to vary and evaluated the photometric light curves for Kepler-1647
using an eclipsing light curve (ELC) code (Orosz & Hauschildt 2000; Welsh et al. 2015) that performs parameter
estimation based upon a Differential Evolution Monte Carlo Markov Chain (DE-MCMC) routine (ter Braak 2006).
Through our code, we reconfirm the results from Kostov et al. (2016) assuming there’s no inner planet, and we
performed a series of tests considering an additional planet near the stability limit. We tested 5 different initial values
for the putative inner planet (10, 30, 50, 100, & 300 M⊕), where each test randomly varies the initial mutual inclination
by 1◦ from the binary plane so that it does not cross the line of sight. Our tests revealed that the parameters of the
inner stellar binary and Kepler-1647b changed very little (within the 3 body model uncertainties), because the inner
planet is small and far away from Kepler-1647b. This reconfirmed that our analysis above applying the observed
orbital parameters of Kepler-1647b following Kostov et al. (2016) is robust. Although we started the planet at the
stability limit (Pc ∼55 days), the DE-MCMC routine searches models with orbital periods from 50 – 150 days. Our
best fit orbital periods for the inner planet settled ∼140 days (> 2× Pc) when the initial value was equal to 50 M⊕ or
more. This indicates that Kepler-1647 is unlikely to host an inner planet of masses above ∼ 50M⊕ near the stability
limit, consistent with our analysis above.
6. CONCLUSION AND DISCUSSION
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In this paper we studied the Kepler-1647 system, investigating the parameter space of a possibly undetected inner
planet near the stability limit. First of all, we explored the dynamical stability of the system, particularly the
dependence on semi-major axis and mutual inclination. We find the critical semi-major axis, acrit, at 2.88abin.
Secondly, we studied the transit probability of the inner planet, where we uncovered a zero-probability zone under a
critical mutual inclination, which is an ideal region for the planet to escape detection from photometric observations in
the Kepler mission. The inner planet’s gravitational influence can affect the eclipses of the inner binary or the transits
of the known planet. We used mid-eclipse/transit times to determine the magnitude of the possible variations. We
calculated the magnitude of the TTVs of the second observed transit as a function of the initial mean anomaly and
planetary mass for an inner planet at acrit. Typically, a 30 M⊕ planet would produce a TTV & 24 min uncertainty. We
also provide future TTV observation windows, which can be applied to future observations and will further constrain
possible undetected planets with lower masses near the stability limit. In addition, we calculated the ETVs of the
stellar binary including an inner planet near the stability limit. We found that planetary masses above ∼ 30M
always produces an ETV above the observational uncertainties if the planet is within aaver, the average distance of the
observed innermost circumbinary planets scaled with the stability limit. By considering the constraints from transit
probability (i.e., combining TTV and ETV constraints), we calculated the possibility for an inner planet to escape
detection during the Kepler mission, we find an inner planet with mass &30M⊕ can be ruled out within 2acrit.
It is possible that Kepler-1647b’s orbit is different from the observational results, which assumed that there were
no inner planets. We allowed the orbital parameters of the stellar binary and Kepler-1647b to vary and performed
parameter estimation based upon a Differential Evolution Monte Carlo Markov Chain (DE-MCMC) routine (ter
Braak 2006), based on the photometric light curves for Kepler-1647 using an eclipsing light curve (ELC) code (Orosz
& Hauschildt 2000; Welsh et al. 2015). We find we can rule out inner planet mass beyond around ∼ 30M⊕ near the
stability limit, consistent with our analysis based on TTV, ETV and transit probability of the inner planet.
There are several possible scenarios for Kepler-1647 system. Firstly, no inner planets exist near the stability limit.
In this case, Kepler-1647 is indeed from a different population comparing with the other CBP systems. It shows that
planetary migration close to the instability limit is not universal in CBP systems. Secondly, there is a low-mass inner
planet near the stability limit. In this case, the evidence for a pile-up among CBPs would then be more significant. A
dominance of inward migration would be supported if the environment near the stability limit does not favor in-situ
formation even for low-mass planets. Any of these cases would make Kepler-1647 a interesting system to study and
provide valuable information for theories concerning the formation of CBPs.
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